As the genomes of more eukaryotic pathogens are sequenced, understanding how molecular differences between parasite and host might be exploited to provide new therapies has become a major focus. Central to cell function are RNA-containing complexes involved in gene expression, such as the ribosome, the spliceosome, snoRNAs, RNase P, and telomerase, among others. In this article we identify by comparative genomics and validate by RNA analysis numerous previously unknown structural RNAs encoded by the Plasmodium falciparum genome, including the telomerase RNA, U3, 31 snoRNAs, as well as previously predicted spliceosomal snRNAs, SRP RNA, MRP RNA, and RNAse P RNA. Furthermore, we identify six new RNA coding genes of unknown function. To investigate the relationships of the RNA coding genes to other genomic features in related parasites, we developed a genome browser for P. falciparum (http://areslab.ucsc.edu/cgi-bin/hgGateway). Additional experiments provide evidence supporting the prediction that snoRNAs guide methylation of a specific position on U4 snRNA, as well as predicting an snRNA promoter element particular to Plasmodium sp. These findings should allow detailed structural comparisons between the RNA components of the gene expression machinery of the parasite and its vertebrate hosts.
INTRODUCTION
Malaria is expanding as one of the world's most lethal human infections (Webster 2001) . To date, no effective vaccine has been developed for malaria and drug resistance is a major challenge worldwide (White 2004) . Given this situation and recent advances in genomics, there has been renewed interest in the fundamental biology of the Plasmodium species that cause malaria in humans and animals. As genomic information accumulates in raw sequence form, correct annotation of the genome becomes an important step in order to capture the biological importance of the sequences. Compared to protein coding gene annotation, less attention is usually given to the annotation of RNA coding genes. RNA coding genes typically do not present long primary sequence features like protein coding genes (Eddy 2001; McCutcheon and Eddy 2003; Washietl et al. 2005 ), yet structural RNAs play major roles in cells, and the Plasmodium parasite is no exception (Levitt 1993) .
Structural RNAs and RNPs are attractive targets for therapeutic development (DeJong et al. 2002; Goodchild 2004) . For example, many of the best antibacterial antibiotics target the ribosome by binding to ribosomal RNA at sites that differ slightly between prokaryotes and eukaryotes (Recht et al. 1999; Lynch et al. 2003) . These slight structural differences result in exquisite selectivity of drug action (Fourmy et al. 1996; Silva and Carvalho 2007) . It seems possible that apart from RNA-protein interactions, many subtle but potentially crucial differences between human and pathogens must exist in the ribosomal, spliceosomal, and other important RNA structures. Given such differences there may be compounds that selectively inhibit pathogen RNA-based processes.
P. falciparum has an extremely AT-rich genome of about 26 megabases (Mb) organized in 14 linear chromosomes (Gardner et al. 2002) . Although the sequences of P. falciparum and the related rodent parasite P. yoelii yoelii are essentially complete, those of the other Plasmodium species are nearing completion (Coppel et al. 2004; Kooij et al. 2006) . Initial attempts have been made to predict and annotate RNA coding genes of the parasite (Upadhyay et al. 2005) ; however more comprehensive efforts using whole genome comparisons and experimental validation are necessary to complete this process.
To help address the question of where the differences in key RNA structures lie between vertebrate and pathogen, we have analyzed the genome of P. falciparum (vertebrate host: human) and compared it to those of P. vivax (human), P. reichenowi (chimpanzee), P. knowlesi (monkey), P. gallinaceum (chicken), P. chabaudi (rodent), P. berghei (rodent), and P. yoelii yoelii (rodent), searching for RNA coding genes. In this article we detect and map the expressed transcripts of Plasmodium telomerase RNA, U6 snRNA, U3 snoRNA, 27 C/D box, and 4 H/ACA box snoRNAs involved in rRNA and snRNA modifications, as well as mapping and validating the expression of the previously identified U1, U2, U4, and U5 snRNAs (Gardner et al. 2002; Upadhyay et al. 2005) , RNAse MRP RNA (Piccinelli et al. 2005) , RNase P RNA (Piccinelli et al. 2005) , and the signal recognition particle (SRP) RNA (Zwieb et al. 2005) . Additionally, we identify six novel RNAs of unknown function (RUFs), one of which is encoded by a mulitgene family whose members are often located next to cell surface protein genes. In the case of a C/D box RNA predicted to methylate U4 snRNA, we provide in vivo evidence for the methylation of its target. Comparison of the DNA near U1, U2, U3, U4, and U5, but not U6 snRNAs identified a very clear conserved sequence element we propose is a Plasmodium snRNA promoter element (SNPE). This study provides the first comprehensive search for structural RNAs in the genomes of Plasmodium sp. and lays the foundation for exploration of structural RNAs as therapeutic targets for prevention and treatment of malaria.
RESULTS AND DISCUSSION
To find structural RNAs, we used available Plasmodium sequences from PlasmoDB (Bahl et al. 2003) and several pattern searching methods (see Materials and Methods). Our studies were aided by the use of a genome browser (http://areslab.ucsc.edu/cgi-bin/hgGateway) for P. falciparum set up on our laboratory server using UCSC Genome Browser software (Karolchik et al. 2003) . The browser is public and displays alignments of published genome sequences of P. falciparum (Gardner et al. 2002) and seven other species of malaria parasites (Bahl et al. 2003) . On the browser we display conservation track (Siepel et al. 2005 ; this study) gene predictions (Bahl et al. 2003; Berriman and Rutherford 2003; Li et al. 2003; Hall et al. 2005) , available P. falciparum ESTs (Chakrabarti et al. 1994; Bahl et al. 2003; Watanabe et al. 2004) , microarray data (Bozdech et al. 2003; Le Roch et al. 2003) , proteome data (Florens et al. 2002; Lasonder et al. 2002) , and an RNA gene track (this study). As we identified potential RNA coding genes by bioinformatics, we verified their expression by Northern blots and mapped their transcripts in P. falciparum using primer extension or RNase protection assays. Following end mapping, we aligned the P. falciparum RNA gene sequence to the other Plasmodium sequences to obtain comparative information about the primary sequence and secondary structure of the RNA. In some cases this allowed reasonable secondary structure prediction. Below we describe this analysis for the RNAs we detected.
Telomerase RNA
Telomeres are specific nucleoprotein complexes that protect the termini of eukaryotic linear chromosomes from degradation, end-to-end fusion, and undesired recombination (de Lange 2002; Wong and Collins 2003; Blasco 2005) . Subtelomeric regions of malaria parasites have been studied extensively since they harbor gene families responsible for antigenic variation (var genes in P. falciparum, vir genes in Plasmodium vivax, and Py235 gene families in Plasmodium yoelii yoelii) (Smith et al. 1995; del Portillo et al. 2001; Scherf et al. 2001; Duraisingh et al. 2005) . Because of its dependence on RNA primers, replication causes a progressive loss of the ends of linear DNA at telomeres (Greider and Blackburn 1987; Engelhardt and Martens 1998) . This loss is compensated by the addition of repeats by a telomerase reverse transcriptase (TERT) activity, using telomerase RNA as a template and the end of the chromosome as a primer (Blackburn 1999) . Telomerase activity has been reported in cell extracts of P. falciparum (Aldous et al. 1998; Bottius et al. 1998; Raj et al. 2003) . Recently, a putative telomerase reverse transcriptase (TERT) protein was identified in P. falciparum (Figueiredo et al. 2005) ; however the telomerase RNA remained unidentified.
The telomeric repeat for P. falciparum is TT(T/C)AGGG (Vernick and McCutchan 1988) . To find the telomerase RNA gene, we identified genomic DNA containing a predicted template sequence ACCCTGAACCC using known telomerase template-repeat relationships as a guide (Cano et al. 1999; Theimer and Feigon 2006) . We eliminated telomeric sequences themselves and extracted the genomic sequence, including the several hundred nucleotides of sequence to either side. We then used each of these larger regions as BLAST query sequences against each of the other Plasmodium genomes. The P. falciparum locus that gave the highest scoring blast hits on most other Plasmodium genomes was on chromosome 9. These loci were found to align well to each other, with the putative template sequence embedded in a highly conserved region.
To demonstrate that this genomic region encodes telomerase RNA, we performed Northern blots on P. falciparum total RNA (Fig. 1a) using two oligonucleotide probes, one 142 nucleotides (nt) downstream from the template region (probe 12) and one 700 nt upstream of the template sequence (Fig. 1a, probe 16 ; see legend for probe details). Two transcripts were detected with probe 12, whereas only a single transcript was detected with probe 16 (Fig. 1a) .
We also used a long complementary RNA (cRNA) probe 5-4, which corresponds to z1000 nt downstream from the template sequence and showed a hybridization pattern identical to oligo probe 12 (Fig. 1a) . To map the 59 and 39 ends of the telomerase RNA transcripts, we used RNase protection assays (RPAs) with cRNA probes (Supplemental Fig.  1 ). Based on this, the most abundant Plasmodium telomerase RNA was 2.2 kb long. Shorter forms with different 59 ends were detected, and it was unclear which of the RNAs might be functional.
Telomerase RNA is very divergent across eukaryotic species (e.g., ciliates and yeasts or human) (Lingner et al. 1994; Legassie and Jarstfer 2006) . We used the longest mapped RNA to generate alignments for Plasmodium sp. telomerase RNA (Fig. 1b) . We identified patterns of sequence covariation with the help of two programs (Siebert and Backofen 2005; Washietl et al. 2005) and used these to begin modeling phylogenetically conserved RNA secondary structure. A part of the P. falciparum telomerase RNA sequence could be folded into three conserved structural domains and a conserved single stranded region that contains the putative template sequence (Fig.  1c) . The two major P. falciparum telomeric repeats are 59-TTCAGGG-39 and 59-TTTAGGG-39; thus the G in the template appears to specify C or T at the third position of the telomeric repeat. Immediately 59 of the template sequence is a 5 base-pair (bp) stem with a GNRA tetraloop that could be a template boundary element (TBE), similar to one described for ciliate telomerase RNA (Autexier and Greider 1995) . In Tetrahymena, the TBE contains a G-C base pair essential for proper template boundary definition and required for binding of the telomerase core proteintelomerase reverse transcriptase (TERT) (Richards et al. 2006) , and this G-C pair is present in the Plasmodium RNAs. Potential to form a pseudoknot is a conserved feature of yeast, ciliate, and vertebrate telomerase RNA (Gilley and Blackburn 1999; Chen et al. 2000; Dandjinou et al. 2004) , and disruption of the pseudoknot in ciliates prevents the stable assembly of a catalytically active telomerase in vivo Watson-Crick base apposition to or from a G-U apposition (this is technically not covariation). Corresponding color-coded regions are proposed to pair. (c) Secondary structure model of P. falciparum telomerase RNA. A, B, C, D, E, Pk-1 and Pk-2 are stem forming regions, color coded to match the corresponding boxes from multiple sequence alignment, described above. (Chr) chromosome; (TBE) template boundary element. (Gilley and Blackburn 1999) . Two conserved pairs of complementary regions in Plasmodium telomerase RNA, Pk-1 and Pk-2 (Fig. 1c) , could form a pseudoknot. In our model, formation of the Pk-2 helix in Plasmodium sp. is supported by one pair of compensatory mutations. In contrast to mammals, the Plasmodium pseudoknot loop is shorter, consisting of only 4 nt, and more similar to that found in ciliates (McCormick-Graham and Romero 1995) .
The third conserved structure of Plasmodium telomerase comprises five stems (Fig. 1c, A-E) . Part of this structure (Fig. 1c , E-E9 stem) resembles the p6.1 stem of the CR4/ CR5 domain in human telomerase RNA. Like the human p6.1 hairpin, this helix also has a G-U wobble base pair at the base of the loop. Studies in human have shown the G-U base pair in corresponding stem formation and also that the hairpin is essential for TERT binding and activity (Chen et al. 2002; Moriarty et al. 2004) . The secondary structure model (Fig. 1c) is a conservative one that is unlikely to be complete. Additional data (Supplemental Fig. 1 ) suggest that there are other structured regions of the molecule, but the nature of these structures cannot be discerned reliably with the present data.
Methylation and pseudouridylation (C/D and H/ACA box) guide snoRNAs C/D box and H/ACA box snoRNA families guide the 29-Oribose methylations and pseudouridylations, respectively, on rRNAs and spliceosomal snRNAs in vertebrates (Kiss 2001) , tRNAs in Archaea (Xie et al. 2007) , and even probably eukaryotic mRNAs (Cavaille et al. 2000; Kishore and Stamm 2006) . Among the 31 candidate snoRNAs we identified, 27 were C/D box type and 4 were H/ACA type snoRNAs ( Table 1) . Twelve of the 31 snoRNAs whose targets we identified have corresponding modification sites predicted on rRNAs or snRNAs in other eukaryotes, and 19 appear so far to be species specific (Table 1) . This is in line with findings in Trypanosomes (Liang et al. 2005) and Euglena gracilis (Russell et al. 2006) , for which 40%-50% of rRNA methylations are species specific. The organization of Plasmodium snoRNA genes is similar to that of other protozoa (Liang et al. 2005) , plants (Brown et al. 2003) , and yeast (Brown et al. 2001) . They are found alone in intergenic regions as well as in the introns of protein coding genes, with intermingling of H/ACA and C/D snoRNA genes. In yeast and plants, intergenic clusters that are cotranscribed are observed (Brown et al. 2003) . In Plasmodium, there are several examples of small intergenic clusters of snoRNA genes oriented on the same DNA strand. Although this arrangement is suggestive of a cotranscriptional means of expression, this has yet to be shown.
SnoRNA genes identified in Plasmodium genome and their predicted modifications sites are listed in Table 1 ; their characterization is described below.
Methylation gGuide (C/D box) RNAs
We confirmed expression of 26 of the 27 candidate C/D box snoRNAs during the intra-erythrocytic stages of P. falciparum by Northern hybridization. Representative Northern blots for selected snoRNAs are shown in Figure  2a . The 59 ends of the transcripts were mapped by primer extension (Fig. 2b) . We could not validate expression of an intronic C/D box RNA candidate, snoR06. However, RUF3 (an intronic RNA of unknown function; Table 2 ) was detected, arising from a different intron of the same predicted gene, Pf08_0124. Therefore, it is possible that snoR06 RNA either escaped detection by Northern hybridization or only accumulates during some other stage in the life cycle. Among the validated C/D box RNAs, snoR09 is interesting in having a predicted guide region before both the D and D9 boxes (D box: G 3176 LSU rRNA; D9 box: C 3197 LSU rRNA), which possibly modify positions separated by only 23 nt on the LSU rRNA. Many of the snoRNAs (Fig. 2c,d , snoR15 and snoR21) have extended base-paired stems between the D9 and C9 boxes. SnoR21 has two predicted targets only 6 nt apart on LSU rRNA. This suggests the two separate guide sequences on snoR21 would bind overlapping rRNA sequences (Fig. 2d ). We could not identify a target sequence for snoR16 on P. falciparum 18S or 28S rRNA or any snRNA. However, this C/D box RNA could target tRNA Ser (CGA) on the first position of the tRNA anticodon loop (Table 1) We identified five C/D box snoRNAs with structure consistent with the ability to guide modification of U1, U4, and U6 spliceosomal snRNAs (Table 1) . Mammalian spliceosomal RNAs contain many 29-O-methylated residues, some of which are modified in a snoRNA-dependent fashion (Tycowski et al. 1998 (Tycowski et al. , 2004 . In P. falciparum, snoR02, snoR07, and snoR10 are predicted to target U1 snRNA at nucleotide position 81, 158, and 22, respectively (Table 1) . Additionally, snoR15 could guide methylation of U4 snRNA at position 66 (Fig. 2e, Am66) , whereas snoR19 is predicted to guide methylation at position 70 (Am70) on U6 snRNA (Table 1) . While snoR10 and snoR19 D9 boxes appear to guide modifications on U1 and U6 snRNAs, their D box elements targets SSU and LSU rRNAs, respectively (Table 1) . To provide evidence for the modification of U4 at A66, we searched by primer extension for strong stops enhanced under limiting nucleoside triphosphate conditions when native P. falciparum (in vivo) but not in vitro transcribed U4 snRNA was used as a template (Fig. 2e) . At lower concentration of dNTPs, reverse transcriptase halts 1 nt before the modification sites (Maden 2001) . The appearance of a stop after incorporation of a nucleotide opposite template (U4) nucleotide A67 in native but not synthetic, unmodified U4 RNA strongly suggests that A66 on U4 snRNA is modified in vivo (Fig. 2e) . Methylation of the homologous residue in human U4 snRNA (Am65) has been demonstrated (Reddy et al. 1981a) , and vertebrate U87 RNA is proposed to guide this modification (Darzacq et al. 2002; Lestrade and Weber 2006) .
Pseudouridylation guide (H/ACA box) RNAs
Genomic searches for H/ACA snoRNAs, in contrast to the C/D box type, are more challenging due to their shorter primary sequence motifs and bipartite complementary sequences (Ganot et al. 1997; Vitali et al. 2003 ). We have identified four H/ACA box snoRNAs in P. falciparum. All (snoR03, snoR11, snoR27, and snoR31) are expressed in the blood stages of the parasite's life cycle. Among them snoR03, snoR11, and snoR31 are predicted to guide modifications on 18S rRNA, while snoR27 targets 28S rRNA ( Fig. 2a,b ; Table 1) . A secondary structure model for this H/ACA RNA is shown in Figure 2f . Interestingly, the 39 hairpin of this H/ACA box RNA contains a CAB consensus (UGAG) sequence in the terminal loop (Fig. 2f) , a Cajal body-specific localization signal identified in H/ ACA scaRNAs (Richard et al. 2003) . In addition to rRNA modification, snoR11 is predicted to modify the U at position 5 near the 59 end of U1 snRNA. In human, the homologous residue (U6) interacts with the 59 splice site during pre-mRNA splicing, and is pseudouridylated (Reddy et al. 1981b) , possibly by an H/ACA scaRNA, U109 (Gu et al. 2005; Lestrade and Weber 2006) .
RNAs of unknown function (RUFs)
In our search for RNA coding genes in the Plasmodium genome, we identified six new RNAs (Table 2) that do not readily fall into known RNA functional categories. We report them here as RNAs of unknown function (RUFs). We verified expression of six RUFs by Northern blotting (Fig. 3a-f ) and mapped their transcription start sites by primer extension (data not shown). Four of them (Table 2 , RUF1-4) appear to share some structural similarity with H/ ACA snoRNAs but lack known (i.e., rRNA, snRNA) target complementarity (Fig. 3g, RUF1 ). The remaining two RUFs (Table 2 , RUF5 and RUF6) were identified only in the P. falciparum and P. reichenowi genomes. RUF6 forms a single stem (Fig. 3h) and is remarkable because it appears to be encoded by multiple genes with an unusual distribution in malaria genome. Consistent with this we observed heterogeneity in RNA length (144-160 nt) for RUF6 RNA on Northern blots (Fig. 3f) , although differential processing of transcripts from a single active RUF6 gene could also cause heterogeneity. Members of this gene family are usually clustered and tandemly distributed on several chromosomes (Table 2 ). In P. falciparum, these RUF6 clusters are arranged flanking malarial surface antigens, namely RIFIN (Cheng et al. 1998) or VAR (Smith et al. 1995 ) genes at the middle or end of the chromosomes where recombination hotspots are generally clustered (Freitas-Junior et al. 2000; Mu et al. 2005) . As an example, RUF6 cluster 4A (Table 2) is flanked by subtelomeric RIFIN antigen PFD1010w, whereas the 4B is organized upstream of RIFIN gene End-labeled snRNA specific primer was extended with Reverse Trascriptase (RT) in the presence of different amounts of dNTPs (100 mM and 10 mM) using either P. falciparum total RNA (lanes 5,6, in vivo) or in vitro transcribed U4 RNA (lanes 7,8) . Lanes 1-4 show a sequencing ladder generated by the dideoxy termination method using P. falciparum U4 RNA. Modification site at A66 is marked with *. RT halts one nucleotide before this modification site in the presence of low dNTPs. The sequence of snoR15 paired with U4 snRNA is shown alongside sequencing lanes. (f) snoR27 is an H/ACA type Plasmodium snoRNAs that has an ortholog in yeast (snR34) and human (U65). H and ACA boxes are underlined. The proposed target LSU rRNA sequence is shown in the second hairpin loop near ACA box.
PFD0645w, located centrally on chromosome 4. Given that RUF6 gene clusters are in close proximity to these loci, it is tempting to speculate that RUF6 transcripts may play a role in expression or maintenance of these malarial antigens. Interestingly, in vertebrates, the 59 end of the crossover domain of a hotspot locus is known to transcribe a novel RNA transcript (Nishant et al. 2004 ).
Spliceosomal snRNAs
Since nearly 50% of P. falciparum genes are predicted to contain introns (Gardner et al. 2002) , the presence of spliceosome components in this eukaryotic genome was expected. The spliceosome contains 5 U-rich small nuclear RNAs (snRNAs)-U1, U2, U4, U5, and U6 (Ares and Weiser 1995; Staley and Guthrie 1998) . These five snRNAs were identified in the P. falciparum genome by searching the raw genomic sequence using BLASTN (Altschul et al. 1990 ) with snRNA sequences from other organisms as query (e.g., vertebrates, yeast, Tetrahymena, etc.). We also used RNABOB (http://selab.wustl.edu), a pattern searching tool that allowed searches for RNA structural motifs.
Each region of the P. falciparum genome identified by one of these methods was subsequently used as a query on the other Plasmodium sequences, and regions found to contain extended similarity among Plasmodium genomes were aligned and examined for conservation of primary and secondary structure characteristic of the RNA used as an initial query. In this way we found convincing candidate genes for each of the snRNAs in most of the malaria parasite genomes (see also Upadhyay et al. 2005) . To verify and map the predicted RNAs, we determined the RNA length by Northern blotting (Fig. 4a) , mapped the 59 end by primer extension (Fig. 4b) , and inferred the approximate 39 end. Plasmodium snRNAs are similar in size to those of vertebrates and appear capable of folding into the same overall conformations ( Fig. 4c-f ) predicted for the metazoan and fungal snRNAs, including the ability to undergo similar kinds of dynamic rearrangements necessary for spliceosome assembly and catalytic activation (Ares and Weiser 1995; Staley and Guthrie 1998) . We have compared the snRNA sequences of P. falciparum to seven other species of malaria parasites as well as to human and other vertebrate species (sequence alignments between Plasmodium species, human, and mouse snRNAs are shown in Supplemental Figs. 2-6 ). Differences in several key regions of the vertebrate and Plasmodium snRNA secondary structures are described below.
Malaria parasite U1 snRNA secondary structure (Fig. 4c ) is more like metazoan U1 than the yeast U1 homolog SNR19 (Kretzner et al. 1987; Siliciano et al. 1987 ). The part of Plasmodium U1 predicted to base pair with the 59 splice site is identical to vertebrate U1. Primary sequences of helix I of U1 are considerably different between vertebrates and malaria parasites. Plasmodium helix II has G54A55 opposite G82A83 stack, compared to a single AG pair found in the homologous position of vertebrate U1. The apical loop sequence of U1 helix II is highly conserved in malaria parasites and contains an almost identical match to the human U1A protein binding site (Scherly et al. 1989) . Plasmodium U1 helix IV is longer and does not contain the short internal loop sequence as found in human U1 snRNA (Supplemental Fig. 2 ). The conserved metazoan loop sequences at the termini of helix III and IV are different in malaria parasites (Fig. 4c) . U2 snRNA adopts different secondary structures during the course of its function in pre-mRNA splicing (Ares and Weiser 1995; Staley and Guthrie 1998) . Although the first 76 nt of U2 snRNA are highly conserved among various Plasmodium species (Supplemental Fig. 3 ), significant difference is seen between vertebrate and Plasmodium in particular, in helix IIa. This helix, shown to be essential for U2 function (Ares and Igel 1990) , has a terminal loop composed of 6 nt (G54 to A59) in Plasmodium sp. that shows conserved complementarity to a downstream single stranded region (Fig. 4f , marked with line and arc), equivalent to stem IIc (Ares and Igel 1990) . This conserved region appears to FIGURE 3. Northern analysis and secondary structure models of the RNAs of unknown function (RUFs). Northern hybridization data for (a) RUF1, (b) RUF2, (c) RUF3, (d) RUF4, (e) RUF5, and (f) RUF6. Ten-base-pair DNA ladders were used as molecular weight markers. Secondary structure models for (g) RUF1 (presumptive H and ACA boxes underlined, 100% conserved residues from multiple sequence alignments are shown in gray) and (h) putative secondary structure of RUF6 RNA. function in spliceosomal structural transitions during splicing (Hilliker et al. 2007; Perriman and Ares 2007) .
Plasmodium U4 and U6 can adopt the phylogenetically conserved Y-shaped U4-U6 interaction domain ( Fig. 4d ; Brow and Guthrie 1988; Bindereif et al. 1990 ); however, notable differences are observed between human and malaria parasite in this region and in the U4 59 stem-loop region. The vertebrate U4-U6 stem II has a central disruption of Watson-Crick base pairing in which U4-U13 is opposite to U6-C62 (Ares and Weiser 1995) . This region, which could be important in balancing the stability of this helix so that it can be unwound during splicing Guthrie 1988, 1989) , is different in the parasite, where two U4 bases, G10 and G11, oppose G65 in U6 ( Fig. 4d; Supplemental Fig. 4 ). Like human, Plasmodium U4 59 stem-loop structure (U4 helix I), originating from the Y junction, has a purine-rich internal asymmetric stemloop, flanked by C-G base pairs and sheared G-A base pairs (Fig. 4d, noncanonical pairing shown by squiggly lines) . In malaria parasites, the loop sequence is 59-ACUAA-39 instead of the 59-UUUAU-39 in vertebrates. This pentaloop sequence is invariant in all Plasmodium sp. shown.
The outstanding feature of the U5 snRNA is the 11-nt conserved loop sequence at the end of U5 helix I. This and U6 snRNA interaction-the phylogenetically invariant U6 region A41 to A47 (P. falciparum numbering) is underlined. Base pairing interaction in the internal asymmetric stem of U4 helix I is shown by squiggly lines. (e) U5 snRNA secondary structure and (f) U2 and U6 snRNA interaction-native folding pattern of the 59 region of U2 snRNA preceding branchpoint (BP) sequence is shown in inset. The Sm protein binding sites are underlined. (SS) Complementary region to splice site sequences. Plasmodium U2 stem IIa terminal loop (nucleotides U55 to A59) has conserved complementarity to downstream single stranded sequence (U85 to A89), shown by line and arc. Alternatively, G54 to A57 in this loop could also pair with downstream residues U93 to C96. (g) 59 splice site and (h) 39 splice site conservation in P. falciparum and human (2000 constitutive GT-AG introns were analyzed from human genome database, http:// genome.ucsc.edu). Also see Senapathy et al. (1990) .
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Cold Spring Harbor Laboratory Press on May 14, 2014 -Published by rnajournal.cshlp.org Downloaded from sequence is necessary for 59 splice site cleavage and the first trans-esterification reaction in pre-mRNA splicing (Newman and Norman 1992; O'Keefe et al. 1996) . This sequence of U5 in Plasmodium is identical to vertebrate U5 ( Fig. 4e; Supplemental Fig. 5 ). U5 helix II has low sequence homology among malaria parasite species and to the corresponding vertebrate sequences (Supplemental Fig.  5) . Each of U1, U2, U4, and U5 snRNAs contains a sequence matching the ''Sm binding site'' (Fig. 4c-f ). This region is important for association with core snRNP proteins (Kramer 1996) .
The U6 sequence 59-ACAGAGA-39, required for the second step of splicing (Ares and Weiser 1995; Staley and Guthrie 1998) , is invariant among Plasmodium species as is much of the rest of the RNA, including the U6 stem II, or the ''catalytic'' stem ( Fig. 4f; Supplemental Fig. 6 ). Base pairing to form U2-U6 helix II between the 59 end of U2 and the 39 end of U6, shown to contribute to the efficiency of yeast splicing (Xu and Friesen 2001) , is also present in Plasmodium sp. although the primary sequences that make up this stem are different.
The spliceosomal snRNAs make several contacts with the pre-mRNA substrate near conserved splice site sequences (Ares and Weiser 1995; Staley and Guthrie 1998) . No catalog of true Plasmodium splice site sequences has been published yet. To identify the conservation pattern in the natural Plasmodium splice sites, we aligned EST sequences to the genome using GMAP (Wu and Watanabe 2005) ; these alignments are displayed in the public version of our browser (see Materials and Methods). We filtered alignment gaps for true introns by selecting only those gaps between EST and the genomes that end in GT and AG (on the sense strand) and that are more than 64 but less than 1000 nt long. This resulted in a set of 2804 unique GT-AG introns identified from 8397 ESTs. Of the 2804, 1921 match introns in the current set of gene predictions (Gardner et al. 2002; Bahl et al. 2003; Berriman and Rutherford 2003) . We used the sequences spanning the last three bases of exon 1 and the first six bases of each intron to search for conserved 59 splice site features (Fig. 4g) , and the last five bases of the intron and the first four bases of exon 2 to search for conserved features of the 39 splices site (Fig. 4h) . Ignoring the GT and AG used to select for the set under consideration, the figure shows representation of each nucleotide at the other splice site positions for expressed sequences of P. falciparum.
The most surprising finding is the absence of conservation of G at position 5 of the 59 splice sites in P. falciparum: Instead a majority of sites are GUAAAA or GUAAUA. Mutation of the G5 of the 59 splice site reduces splicing efficiency in yeast (Fouser and Friesen 1986) . This is thought to be due to the dual role of this base in the initial recognition of the 59 splice site by U1 and after spliceosome rearrangement, by U6 (Seraphin et al. 1988; Lesser and Guthrie 1993) . This suggests that recognition of the fifth position of the P. falciparum 59 splice site is either less critical or fundamentally different in the parasite than in yeast (or vertebrates), because the U1 and U6 residues proposed to interact with that position are unchanged in the parasite. No consensus branchpoint sequence could be extracted from these introns. This indicates that parasite introns are more like metazoan introns in that they have degenerate branchpoints. Trypanosomes have an unusual U2 sequence at the branchpoint interaction region (Hartshorne and Agabian 1990; Tschudi et al. 1990 ), but that of Plasmodium is identical to yeast and human.
Less frequent splice sites found in P. falciparum are common in yeast and human, such as GUAUGU (75.4% in yeast, 2.1% in P. falciparum) (Spingola et al. 1999 ) and GUGAGU (15% in human, 0.48% in P. falciparum) or GUAAGU (13% in human, 4.8% in P. falciparum) sequences (see Fig. 4g ; this study; Senapathy et al. 1990 ); they are much less frequent than P. falciparum GUAAAA (13%) or GUAAUA (12.5%). As in the vertebrate 59 splice site consensus, there is a preference for AG at the end of the exon just upstream of the 59 splice site. These bases are very near the conserved U5 loop in the active spliceosome. Most 39 splice sites in P. falciparum are the canonical YAG (Y: pyrimidine), with U being most prevalent (Fig. 4h) . There is also a preference for U at position À5 from the 39 splice site. Since most of the genome annotation programs rely heavily on canonical splice site and branchpoint sequences, changes mentioned above may considerably improve the gene predictions for Plasmodium sp.
U3 snoRNA
U3 snoRNA plays an essential role in processing of the small subunit (SSU) rRNA (Hughes and Ares 1991; Mougin et al. 1996; Borovjagin and Gerbi 1999) . We identified the U3 gene by comparative genomics and mapped its 242-nt-long transcript by Northern hybridization (Fig. 5b ) and primer extension (Supplemental Fig. 7a,  lane 3) . Like other U3 RNAs (Parker and Steitz 1987; Hartshorne and Agabian 1994; Mougin et al. 1996) , Plasmodium U3 has three characteristic stem-loop structures: stem I contains the box A and A9 sequence, stem II has C9/D and B/C protein interaction domains, and stem III (Fig. 5a , see also Supplemental Fig. 7b ). The 39 domain has been shown to bind the U3 snoRNP core proteins in other eukaryotes (Parker and Steitz 1987; Samarsky and Fournier 1998; Watkins et al. 2004) . Both the C/D and B/C box regions predicted to bind the 15.5-kD/SNU13 protein homolog are present, and the C/D box is similar to Trypanosoma or Tetrahymena sp. U3 but different than yeast or human (Marmier-Gourrier et al. 2003) . Immediately after the box C sequence, the stem-loop III structure is formed, which has U-rich internal and terminal loops. The Plasmodium U3 stem III is longer and lacks any sequence homology with yeast or vertebrate U3 RNAs.
The known function of U3 is its involvement in the initial cleavage within the 59 external transcribed spacer of 18S rRNA for pre-rRNA processing (Hughes and Ares 1991) . Direct contacts between the 59 domain of U3, including conserved box A and variable hinge region bases, are implicated in this processing event Gerbi 1999, 2000; Sharma and Tollervey 1999) . Base pairing is proposed to occur between the U3 59 hinge, 39 hinge, and complementary regions in the external transcribed spacer (ETS) of 18S rRNA (Borovjagin and Gerbi 2000) . The 59 ETS region of Plasmodium berghei 18S rRNA has been documented (van Spaendonk et al. 1999) . We have identified complementarity of two hinge region sequences (nucleotides 42-51 and 63-70) in our proposed U3 RNA (Fig. 5a ) to the homologous 59 region of all 18S rRNA sequences of P. falciparum. We propose that these regions of complementarities may render base-pairing interactions with the 59 flanking sequences of 18S rRNA to initiate cleavage and processing in P. falciparum SSU rRNA as shown in other eukaryotes.
SnRNA promoter-like element (SNPE) upstream of U-RNAs
The genomic regions upstream of Plasmodium U-rich RNAs (U1-U6) coding sequences were analyzed to search for potential snRNA promoter elements (SNPEs) with the IMPROBIZER program (http://www.soe.ucsc.edu/zkent/ improbizer/improbizer.html). We identified a sequence element (Fig. 5c ) located in the corresponding position of the vertebrate proximal sequence element (PSE), a specialized snRNA promoter element (Jensen et al. 1998; Hernandez 2001) . In Plasmodium, this conserved sequence element is present upstream of the U1, U2, U3, U4, and U5 genes (Fig. 5c, Supplemental Fig. 8) but not U6 or any protein coding gene we (unpubl.) or others (Gunasekera et al. 2007 ) could identify. The SNPE motif appears to be composed of two sequences in inverted orientation that create an imperfect palindrome with an axis of symmetry near position À44 (Fig. 5c ). This novel motif suggests specialized transcriptional control exists for U-snRNA coding genes in malaria parasites.
RNAse P RNA and MRP RNA RNases P and MRP are ribonucleoprotein enzymes responsible for tRNA and rRNA processing, respectively. Plasmodium RNAse P and MRP were identified in a previous bioinformatics screen (Piccinelli et al. 2005) . We have experimentally validated the expression of RNAse P and MRP RNA molecule by Northern blotting (Fig. 6c) and mapped the transcription initiation sites by primer extension (Supplemental Fig. 7a ; lane 1-MRP and lane 2-RNAse P RNA). P. falciparum RNAseP and MRP RNA align well with the known secondary structures for these RNAs derived from other organism (Fig. 6; Walker and Avis 2005) . Plasmodium RNAse P RNA shows extensive interspecies variation in length; for example, both Plasmodium RNaseP and MRP RNA have long and complex P3 helixloop-helix structures compared to vertebrates. In other places Plasmodium RNAse MRP is simpler; for example, the P12-like hairpin in domain 2 (Fig. 6b) does not contain extended complex stem-loop structures as seen in yeast and metazoan species (Li et al. 2004 ).
SRP RNA
P. falciparum SRP RNA was identified in a bioinformatics screen (Rosenblad et al. 2004 ) and a secondary structure This logo is generated after aligning multiple sequences from available Plasmodium sp. for respective U snRNAs (see Supplemental Fig. 8 ).
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Cold Spring Harbor Laboratory Press on May 14, 2014 -Published by rnajournal.cshlp.org Downloaded from was proposed based on sequence comparison from three Plasmodium species (Zwieb et al. 2005) . To demostrate the expression of SRP and learn the limits of the RNA molecule, we mapped the SRP RNA by Northern hybridization (Supplemental Fig. 9a ) and primer extension (Supplemental Fig. 7a, lane 4) . The 303 nt RNA sequence from P. falciparum allowed the alignment of corresponding sequences from seven Plasmodium species (Supplemental Fig. 9b ). The proposed SRP RNA secondary structure for P. falciparum (Zwieb et al. 2005) agrees with our working model based on an eight-species comparison (Supplemental Fig. 9b) , except for the 59 domains (H3 and H4). A predicted ORF Pf14_0183 is at the same location where we find the SRP RNA gene (Gardner et al. 2002; Bahl et al. 2003) , and thus may not be an accurate prediction.
Ribosomal RNA and transfer RNA
The organization of the ribosomal RNA (rRNA) multigene family in malaria parasite is unusual in that there are only a few rRNA genes (four to eight, depending on the strain) dispersed on different chromosomes (Supplemental Table  2 ; McCutchan 1986; Wellems et al. 1987) . Studies on P. falciparum and P. berghei have shown that there are two specialized types of nuclear rRNA genes, and these are developmentally regulated. The S-type is expressed predominantly during the sexual stage in the mosquito host, whereas the A-type is expressed in the asexual stages in the vertebrate host (Gunderson et al. 1987; Fang et al. 2004 ). Additionally, a third type of small subunit rRNA, type-O, has been described only in Plasmodium vivax in the oocyst/ ookinete stage (Li et al. 1997) . From the available genome sequencing data it is now clear that none of the P. falciparum rRNA sequences closely resemble the O-type of Plasmodium vivax.
So far, 44 nuclear-encoded cytoplasmic tRNAs have been identified in P. falciparum genome, at least one for each standard amino acid and selenocysteine (Gardner et al. 2002; Mourier et al. 2005) . All the tRNA genes identified so far are between 71 and 84 nt in length, and only one tRNATyr has an intron (Supplemental Table 2 ). This 11-nt-ong intron appears to be a standard tRNA type intron (Haugen et al. 2005) . Additional tRNA genes may yet be discovered. FIGURE 6. Expression data and secondary structure models for P. falciparum RNAse P and MRP. (a) Secondary structure model of P. falciparum RNAse P. In this structure, helices P designates paired regions that are common to archeal, bacterial, and eukaryotic RNAse P RNAs and eP for eukaryotic paired regions only. (CR) Conserved regions. Two possible arrangements of helix eP8 and eP9 are shown in insets I and II. (b) Secondary structure model of P. falciparum RNAse MRP RNA. The conserved regions of the loop internal to the P3 helix, common to RNAse P and MRP RNA, are marked with brackets. (c) Northern hybridization with RNAse MRP (lane 1) and RNAse P (lane 2) specific probes on total RNA isolated from P. falciparum.
MATERIALS AND METHODS
Structural RNA sequence searches
Apart from P. falciparum complete genome sequences, sequences from contigs of seven other Plasmodium species, ESTs, and ORF predictions were analyzed for GC content and RNA folding potential, and all of it was organized in the UCSC malaria genome browser. With this as the base data, searches for different classes of RNAs were approached in different ways. For a class such as the splicosomal RNAs, which are well conserved, sequence search tools such as BLAST, RNABOB, and PATSEARCH (Grillo et al. 2003) were used to identify candidate sequences that matched a query sequence (e.g., Human). Resulting candidates based on primary and/or secondary sequence search were further narrowed down based on conservation across species and EST evidence. Candidate regions identified in the original search including the several hundred nucleotides of sequence to either side of the candidate were extracted from the genome. We then used each of these larger regions as BLAST query sequences against each of the other Plasmodium genomes. The P. falciparum loci that gave the highest scoring blast hits on the most other Plasmodium genomes were saved, and a multispecies alignment was inspected. Candidates that appeared to be conserved and had nucleotide changes consistent with RNA evolution as opposed to third position variation common to protein coding regions were tested by Northern blotting.
P. falciparum culture, synchronization, and isolation of total RNA P. falciparum strain 3D7 was cultured in human O + erythrocytes at 37°C under 5% O 2 , 5% CO 2 , and 90% N 2 in RPMI 1640 medium (GIBCO BRL) supplemented with 27 mM sodium bicarbonate, 11 mM glucose, 10 mg/mL gentamicin, and 10% heatinactivated human serum as described previously (Trager and Jensen 1976) . RNA was isolated from either asynchronous or sorbitol synchronized cultures, as required. For parasite synchronization, two consecutive sorbitol treatments were used, and then parasites were harvested at the late trophozoite stage (18-24 h post-invasion) (Lambros and Vanderberg 1979) . For total RNA isolation P. falciparum cultures were grown to 10% parasitaemia. Infected erythrocytes were washed once with incomplete growth medium (without serum), lysed by saponin (0.15%) and spun at 6000g for 5 min to pellet parasites. Pellets were either rapidly frozen and stored at À80°C or used instantly for total RNA isolation. Total RNA was prepared directly from the parasite pellets by the Trizol (Invitrogen) extraction method according to the manufacturer's instructions. Parasite RNA samples were DNAse treated for 30 min and recovered by phenol:chloroform: isoamyl alchohol extraction. RNA quality was checked by formaldehyde-agarose gel electrophoresis (Sambrook and Russell 2001) and the concentration was determined on a Nanodrop spectrophotometer (NanoDrop Technologies).
Northern hybridization and primer extension
Small RNAs were resolved on 6% polyacrylamide gel containing 7 M urea, 90 mM Tris-Borate, and 2.5 mM EDTA (TBE) (pH 8.3). Two micrograms of total RNA were loaded on each lane of the gel in 50% formamide after heating at 95°C for 3 min and instantly chilling on ice. RNA from the gel was subsequently transferred onto N + nylon membranes (Amersham Biosciences) electrophoretically at 300 mA constant current for 3-4 h at 4°C. Subsequently, RNA was cross-linked onto the membrane by ultraviolet irradiation. RNAs that are expected to be >300 nt long were separated on 1.5% formaldehyde-agarose gel and were capillary transferred to nylon membranes. Before hybridization, blots were stained with methylene blue (0.02% w/v methylene blue in 0.3 M sodium acetate at pH 5.5) to check the integrity of the ribosomal RNAs (LSU and SSU) and molecular weight markers. Hybridization was done in 0.5 M sodium phosphate buffer (pH 7.6) with gamma-32 P-ATP labeled specific oligodeoxyribonucleotides at z5 3 10 6 cpm/mL. The sequences of the oligonucleotides used in this study are given in Supplemental  Table 1 .
Following hybridization, membranes were washed twice in 23 SSC, 0.1% SDS at hybridization temperature and once at 0.13 SSC, 0.1% SDS at room temperature for 15 min each and exposed to a PhosphorImager. Ten base-pair and 100 bp DNA markers were used to quantify the RNA sizes on denaturing PAGE. To identify RNA sizes >300 nt, either 1-kb DNA marker or commercially obtained RNA markers were used for formaldehyde agarose gels. To account for the z10% faster migration of DNA markers on denaturing gels compared to RNA bands, Northern sizes were calculated using the following rule: RNA length = DNA length 3 1.1. Primer extension reactions were performed with 2-5 mg total RNA and a molar excess of primer as described previously (Ares and Igel 1990) . Annealing of oligos was done for 30 min at 37°C, and the reverse transcription reaction was done for 45 min at 42°C. Primer extension products were treated with RNAse and Proteinase K, ethanol precipitated, dissolved in 50% formamide, and analyzed on 6% urea-polyacrylamide gel, as described above.
In vitro transcription and RNAse protection assay (RPA)
Complementary RNA (cRNA) probes were made for Northern hybridization by in vitro transcription (IVT) reactions. Primary PCR amplification was done with oligonucleotides containing T7 promoter sequences at the 59 end. Amplified product was added to the transcription reaction. The IVT reaction contained 500 ng to 2 mg of PCR product, 40 mM Tris-HCl (pH 8.0), 6 mM MgCl 2 , 2 mM spermidine HCl, 10 mM NaCl, 10 mM DTT, 100 mg/mL BSA, 250 mM ATP, UTP, or GTP, 1 unit of RNasin, and 500-1000 units/mL of T7 RNA polymerase in a final volume of 20 mL. All reactions contained 5 mL of alpha 32 P-CTP (3000 Ci/mmol, 10 mCi/mL) at a final concentration of 1.5 mM. IVT reactions were incubated at 37°C for 3-4 h and then diluted with formamide loading buffer to run on a 6% polyacrylamide gel. In vitro synthesized transcripts were recovered by the crush and soak method as described previously (Sambrook and Russell 2001) . Nuclease protection assay was done using RPAIII RNAse protection assay kit (Ambion Inc.), according to the manufacturer's instructions. RNAse treatment was done with RNase Digestion Buffer containing both RNase A and RNase T1 and incubation at 30°C for 30 min. After RNAse inactivation, the protected probe fragment was recovered by adding RNAse inactivation buffer followed by centrifugation. Samples were analyzed on 6% polyacrylamide/7 M urea gel.
Mapping 29-O-methyl groups
Spliceosomal RNA genes from P. falciparum genomic DNA were PCR amplified with 3 mM MgCl 2 and directly cloned into Topo-TA cloning vector PCR 2.1 (Invitrogen), which contains the T7 RNA promoter for production of sense RNA transcripts. For in vitro transcription of the snRNA genes, plasmid was linearized with HindIII and transcribed with T7 RNA polymerase. RNA was ethanol precipitated and used either for sequencing reactions or in a primer extension reaction for mapping 29-O-methyl groups of U4 snRNAs. For sequencing reaction, 1 mg of in vitro transcribed RNA was used with 1 mM each of ddNTPS. The positions of 29-O-methyls were identified by primer extension in the presence of limiting amount of dNTPs (0.01 mM) (Maden 2001) .
